Abstract This paper presents a physical evaluation of an upflow anaerobic sludge blanket reactor. Specifically, the study contemplates the region influenced by the wastewater inlet jets at the bottom of the reactor, here termed the near-field area. A three-dimensional physical model of a UASB reactor in reduced scale, geometrically and dynamically correlated to a full-scale prototype was used in the evaluation. From the analysis of the major forces acting and of the physical properties investigated in the prototype, it was possible to establish non-dimensional relations that were applied to the reduced scale model, allowing the investigation of the phenomenon of interest. Tests were developed on the model to visualise the inlet flows under the buoyant effect at the bottom of the reactor, through the injection of a tracer fluid in the area with higher density, simulating the effects of the sludge bed. Based on the experimental results, it was possible to provide dimensioning criteria for the jet distribution system in UASB reactors.
Introduction
As a contribution to the knowledge of the physical behaviour of Upflow Anaerobic Sludge Blanket (UASB) reactors, complementing the biological and chemical characterisations widely reported in the existing literature, this paper presents hydrodynamic studies in the region under the direct influence of the inlet jets at the bottom of the reactor, here termed the near-field area. The study used a three-dimensional, reduced-scale model of a full-scale working prototype UASB reactor (Figure 1 ).
The main objective was to determine an efficient hydraulic system of dilution for the distribution of the influent wastewater, creating a homogenous mixture with the biomass present in the reactor. In the case of effluents that are highly diluted, such as domestic effluents, the design of the distribution system is very important for the efficiency of the process, since the formation of gas which could contribute to increased efficiency is considerably reduced.
Prototype evaluation
The influent distribution system at the bottom of the UASB reactor consists of several orifices, by which the raw sewage with specific mass ρ 0 is introduced under pressure impacting on the sludge bed, with specific mass ρ higher than ρ 0. With this difference between densities, the influence of the Archimedes forces appears, characterising the presence of jets under the pressure of the buoyant effect (buoyant jets). The behaviour of these jets depends on their initial flow rate, momentum and buoyancy flux, so that at one extreme they may have the characteristics of a pure jet whilst at the other they may be plume-like.
The major physical properties affecting hydrodynamic behaviour were studied on the prototype (Maestri et al., 2000) . The specific mass, viscosity, temperature, surface tension and total solids were evaluated at different depths and flows. Results are presented in the following graphs and table.
These studies on the prototype gave the following conclusions concerning the physical properties.
• The amount of solids present in the samples displayed the usual values (45 g/L) for sludge concentrations such as these, which gave increased confidence in the other measured parameters.
• From the viscosity analyses it was possible to identify a fluid in the sludge bed with pseudo-plastic characteristics, since its apparent viscosity coefficient diminished with the increase of the velocity applied.
• The specific gravity observed was around 1.015 on the bottom (sludge bed) and 0.998 on the surface (final effluent).
• The surface tension displayed values of around 50% less than that of water, not varying significantly with depth or concentration variances.
For the dimensional analysis of the hydrodynamic phenomenon present in these structures, all of the influential variables were interrelated. These variables are: flow rate (Q), upflow velocity (Va), gravity acceleration (g), width (L 1 ), length (L 2 ), height (h), time (t), mean specific mass (ρ), jet fluid specific mass (ρ ο ), cinematic viscosity (ν), thermal difusivity (κ), surface tension (σ), temperature (T), concentration (C), specific mass variation (∆ρ), temperature variation (∆T). From the analysis of these variables it can be concluded that the phenomenon can be a function of the following non-dimensional parameters.
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158 Figure 1 The prototype (left) and its reduced model (right) used in hydrodynamic studies Gimenez, 2000) Variation Surface tension for different depths Figure 2 Physical properties investigated in the prototype (Maestri et al., 2000) Within all the non-dimensional parameters identified, it was verified that for the specific phenomenon in the near-field area, the buoyant jets, as well as the geometric relations, the Richardson and Reynolds numbers are the most important. The Richardson number R i =(g∆ρh)/V 2 relates the Archimedes forces to inertial forces, being useful for the actual representation of the phenomenon present in this region, allowing the establishment of values related to the conditions most favourable to the system. The values vary between 0 and 1; when R i is near zero, the inertia effects dominate and the flow behaves as a pure jet. When R i is close to one, however, buoyant effects dominate and the flow is more similar to a plume type. In the event of outlet flows with densities different from the mean, this non-dimensional number can be represented as:
where: Q: initial jet flow obtained by:
The Reynolds number R e =(VL)/υ relates the inertia forces with the viscosity forces, being useful for studies in the near-field area where the velocities are higher with the objective of obtaining turbulence favourable to the mixture system. When R e is less than 10 2 , the jet tends to a laminar flow, but this is only guaranteed for R e lower than 10 0 . For R e above 10 4 , flow is always turbulent.
These types of behaviour were evaluated in the model, the presence of plume-type jets being undesirable and turbulent jets immediately after the jet outlet being desirable.
The evaluation of the prototype based on the characterisation of the major physical properties of the fluids and the dimensional analysis developed, allowed the establishment of enough relations for the modelling in reduced scale of the mentioned phenomenon, respecting the three-dimensional geometric similitude and the similitude concerning the major acting forces.
Reduced-scale model study
The model was built in a reduced scale of 1:5, preserving the three-dimensionality of the prototype and guaranteeing the geometric similitude between the two systems. To ensure the dynamic similitude of the phenomenon analysed, non-dimensional relations (Richardson and Reynolds numbers) were utilised, which permitted the simulation of the acting forces, in proportional scales of intensity, in both systems. Hence, the modelling was developed by the establishment of the Richardson number of the model equal to the prototype, respecting this identity when varying the characteristics of specific mass and flow. For the Reynolds number, the model was made to always stay in the same range as the prototype, therefore guaranteeing that laminar flows would not occur.
Physically, the attempt was to simulate in the model the presence of jets under the influence of the buoyancy effect, as in the prototype, where the ejection of fluid (sewage) occurs horizontally at the bottom. When this fluid is ejected under pressure through the orifice, it encounters another fluid medium, with a higher density, which causes its trajectory to be influenced not only by the inertia forces, but also by the buoyant forces.
This simulation of the hydrodynamic behaviour was developed with the model operating with water and the medium with higher density at the bottom of the reactor (sludge bed) being a solution of water and salt (NaCl). The saline solution has a higher density than water, so it is possible to simulate the intrusion of a fluid with a known density into another medium with a higher density, that is also known. Considering the physical similarity of the hydrodynamic behaviour in the near-field area of the UASB reactors, this was the technique for the simulation of an identical buoyant jet in the two systems, model and prototype.
The model tests were realised using flow visualisation techniques, by recording images when tracer fluids were injected. The tracer used consists of a mixture of PVA paint, water and alcohol, a material with a controlled density, so that it would not interfere with the behaviour of the phenomenon observed.
The instrumentation applied to the model guarantees the control of the entry flow, with the use of a centrifugal pump controlled by a frequency invertor and two rotameters. The saline solution was monitored by means of specific probes during the procedures of each test. The basic parameters were adjusted, each test according to its corresponding Richardson number.
The images were recorded using a VHS camera and were then digitised following the basic steps shown in Figure 3 , such as jet visualisation, recording of the frame of interest, processing of the image and the raw frame of the data collected. More than 50 tests were performed for different flow ranges and different specific mass gradients, resulting in various Richardson numbers.
Results
Based on the theories related to the hydrodynamic behaviour in the reactor and following the evaluations of the tests performed on the reduced model, it was possible to extract the data necessary to trace the criteria that should be observed when developing the physical dimensioning of these structures.
The evaluation of the jets based on the different Richardson numbers showed the influence of the gradient density along with the different velocities tested. With situations of extremely low jet velocities and high gradients of specific mass, such as R i close to 1, it is possible to visualise the formation of a buoyant jet as shown in Figure 3 . This kind of situation from the point of view of mixture efficiency is undesirable, due to the formation of a flow with little dilution and mixture capacity with the sludge bed favouring the occurrence of short circuiting inside the reactor, and also the formation of dead zones under the jets. On the other hand, in situations with R i close to zero, that is, situations with high inlet flow velocities and low gradients of specific gravity, a jet route occurs that is defined by the position of the inlet nozzle and with a very high dilution potential and mixture, favouring the expected efficiency of the UASB reactors.
Based on the analysis of all the test results, each one associated to their respective R i , a limit value was identified for the design of the inlet distribution system. Richardson numbers higher than 0.30 resulted in a situation where the buoyant effects dominate over the inertia, resulting in jets with higher buoyancy tendencies, while below this limit, the effects of inertia dominate and the jets obey the directions imposed by the axle of the inlets.
Therefore, R i equal or less than 0.30 are recommended for the design of the inlet system. Figure 4 presents the relations between the inlet flow, the orifice diameter and the corresponding R i . The shadowed area in the graph identifies the usual orifice diameters applied in the design of inlet systems in UASB reactors.
Parameters such as diameter and/or amount of inlet points, project flow or recirculated flow, can be manipulated based on the graph shown in Figure 4 , to define the most favourable design conditions, in order to obtain values in the shadowed area.
The same consideration made for Richardson numbers in Figure 4 was made for Reynolds number in Figure 5 , where a graph shows the relations between flow, orifice diameter and Reynolds number. The most favourable flow values are those that provide Reynolds numbers higher than 10 4 . Hence it is possible to define a shadowed area in this graph, which identifies the ideal conditions for the diameter and the number of inlet points related to the incoming flow.
Therefore, considering the design of the jet distribution system at the bottom of the UASB reactors, when the project flow is known, it is recommended that a first estimate of the amount and diameter of the orifices should be made, for the purpose of calculating the Richardson number of the jet. If the R i calculated is higher than 0.30, the amount or diameter established previously must be revised. It is also possible to vary the flow, promoting the recirculation of the effluent. After the adequate conditions for the Richardson number are established, it is necessary to calculate the situation for the Reynolds, verifying if the turbulence conditions after the jet outlet are guaranteed. If not, the initial conditions of amount and diameter of the orifices or the flow must be revised.
Conclusions
This study contributed to clarifying how the near-field region of UASB reactors functions, using similarity theory to produce a study in a physical model that involves the same acting force conditions in its prototype. These accomplishments were made possible by analysis of the major physical properties that are in operation and by theoretic study, developing non-dimensional relations representative of the existing phenomenon. Therefore, it was With a theoretic base established and the data from the tests collected, the paper concludes with recommendations concerning design criteria for the near-field area of UASB reactors. The Richardson number is presented as the major parameter to be respected for the determination of the relations between the diameter of the outlet orifice, the amount of these and the flow. Figure 3 represents these relations and can be used when dimensioning the structures that contemplate these hydrodynamic situations, as is the case of the UASB reactors. After the conditions are established, it is also recommended to verify the situation with respect to the ranges of Reynolds numbers most favourable to the system. 
